ABSTRACT Sinus node recovery time (SNRT) is frequently used to assess sinus node function in patients with suspected sick sinus syndrome (SSS). Although SNRT is assumed to reflect sinus node automaticity, this assumption remains unproven. The purpose of this study was (1) to test the hypothesis that SNRT in patients with and without SSS reflects sinus node automaticity, and (2) to assess the role of sinoatrial conduction time in the measurement of SNRT. A total of 16 patients (mean + SD age 63 ± 9 years), seven of which had SSS, form the basis of this report. An electrogram of the sinus node was obtained for each of the 16 patients, and overdrive pacing was performed in each at cycle lengths of 1000 to 300 msec. SNRT was measured (1) on the sinus node electrogram (direct method, measuring SNRTd) as the interval from the last pacing stimulus artifact to the onset of the upstroke slope of first postpacing sinus beat and (2) on the high right atrial electrogram (indirect method, measuring SNRTi). Results were as follows: (1) The longest SNRTd was significantly shorter than the longest SNRTi (989 + 304 vs 1309 ± 356 msec, p < .001). (2) For the first postpacing sinus beat there was a significant prolongation of sinoatrial conduction time as compared with that for sinus beats before pacing (319 + 152 vs 99 + 35 msec, p < .001). Sinoatrial conduction time normalized within 3.6 + 0.96 postpacing sinus beats. (3) At the pacing cycle length that resulted in the longest recovery time, sinus node depression was seen in 56% of patients, sinus node acceleration was noted in 26%, and no appreciable change in sinus node automaticity was observed in 19%. (4) Sinoatrial conduction time for the sinus beat before pacing and that for the first postpacing beat was longer in patients with SSS when compared with in patients without SSS. (5) In patients with SSS the abnormal SNRTi, when corrected for the degree of prolongation of sinoatrial conduction time for the first postpacing beat, became normal in five of six patients. We conclude that (1) SNRTi reflects both sinus node automaticity and sinoatrial conduction time, whereas SNRTd reflects sinus node automaticity, (2) overdrive atrial pacing results in marked prolongation of sinoatrial conduction time for the first postpacing beat, which is longer in patients with SSS when compared with in those without SSS, and (3) in patients with SSS the inference of abnormal sinus node automaticity on the basis of a prolonged corrected SNRTi is usually incorrect. Circulation 70, No. 4, 663-671, 1984. THE PHENOMENON of postpacing depression of cardiac pacemakers' -7 has been used to evaluate sinus node function in man.8-7 Clinical studies have focused on the response of the human sinus node to atrial pacing at rates above the sinus rate. The method has been used to determine the time required for a sinus beat to resume activity after abrupt cessation of atrial pacing. This sinus node recovery time (SNRT) has been used in the evaluation of sinus node function in patients with sick sinus syndrome (SSS).5-17 Although SNRT is as- sumed to reflect sinus node automaticity in man, the contribution of sinoatrial conduction in the measurement of SNRT remains undefined.
THE PHENOMENON of postpacing depression of cardiac pacemakers' -7 has been used to evaluate sinus node function in man. Clinical studies have focused on the response of the human sinus node to atrial pacing at rates above the sinus rate. The method has been used to determine the time required for a sinus beat to resume activity after abrupt cessation of atrial pacing. This sinus node recovery time (SNRT) has been used in the evaluation of sinus node function in patients with sick sinus syndrome (SSS).5-17 Although SNRT is as-sumed to reflect sinus node automaticity in man, the contribution of sinoatrial conduction in the measurement of SNRT remains undefined.
The purpose of this study was (1) to test the hypothesis that SNRT in patients with and without SSS reflects sinus node automaticity and (2) to assess the role of sinoatrial conduction in the measurement of SNRT.
Materials and methods
A total of 22 male patients were studied after the nature of the procedure was explained to them and after they gave signed informed consent. Sixteen patients who satisfied the following criteria were included in the study: (1) Each had stable, reproducible sinus node electrograms free of baseline drift during sinus rhythm and after overdrive pacing. (2) In each the sinus node electrograms were clearly separable from the T and U wave deflections both during sinus rhythm and after atrial overdrive pacing. The 16 patients ranged in age from 38 to 78 years (mean age, 63 + 9 years). Nine of the 16 patients had no evidence of SSS, whereas seven of 16 had symptomatic SSS.
Vol. 70, No. 4 , October 1984 All patients were studied in the electrophysiology laboratory while they were in the postabsorptive, nonsedated state. Two quadripolar catheters (USCI No. 6) with interelectrode distances of 10 mm were introduced percutaneously through the femoral vein of each patient while under local anesthesia; catheters were positioned in the high right atrium in the region of the sinus node. One catheter was used for recording sinus node electrograms, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and the other for atrial pacing. The distal poles of catheter No. I were used for recording sinus node electrograms by a technique previously described in our laboratory.2' The proximal poles of the catheter were utilized for recording intra-atrial electrograms at filter frequencies of 30 to 500 Hz. Two or more electrocardiographic leads, sinus node electrograms at filter frequencies of 0.1 to 50 Hz and intracardiac electrograms at filter frequencies of 30 to 500 Hz, and time lines generated at 40, 200 and 1000 msec were displayed on a multichannel oscilloscope (VR-12, Electronics and Medicine) and recorded on thermal paper at paper speeds of 50 to 100 and 150 mm/sec. Atrial stimulation was performed at a cycle length 100 msec below sinus cycle length for 1 min. In addition atrial pacing was performed for 8 beats in six patients. Atrial stimulation studies were performed with a programmable stimulator using stimuli at twice diastolic threshold and 2 msec in duration. Pacing was abruptly stopped and SNRT was assessed. Sinus node recovery time was assessed at multiple cycle lengths in decrements of 100 msec up to cycle lengths of 300 msec. Analysis of postpacing pause was done for at least 5 postpacing beats and only if the upstroke slope of the sinus node electrogram was clearly identifiable after overdrive atrial stimulation.
Definition of terms. Direct sinoatrial conduction time was measured from the onset of the upstroke slope to the onset of atrial deflection (figure 1) for the sinus beat before pacing, for the first postpacing sinus beat, and for 4 more postpacing sinus beats.
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----SNRTj' '' --FIGURE 1. The measurement of SNRT and sinoatrial conduction time. From top to bottom are the electrocardiogram (ECG), sinus node electrogram (SNE), and atrial electrogram (AT). Sinoatrial conduction time (SACT) for sinus beats before and after pacing was measured from the onset of the upstroke slope to the onset of the atrial deflection (A). After overdrive pacing, the SNRTd was measured from the stimulus artifact (S,) to the onset of the upstroke slope on the SNE. The SNRTi was measured from the onset of the stimulus artifact (S,) to the atrial deflection (A). 664 Indirect SNRT (SNRTi) was measured from the stimulus artifact to the onset of the atrial deflection (figure 1). Direct SNRT22 (SNRTd) was measured from the onset of the stimulus artifact to the onset of the upstroke slope on the sinus node electrogram. Corrected SNRTi was measured as the difference between the basic sinus cycle length minus the SNRTi. All measurements were tested for interobserver variability, which was within 10 msec. Also, the average difference among all measurement pairs was not significant.
Statistical analysis was performed by Student's t test for paired and unpaired data. All values represent the mean + SD.
Results
Stable and reproducible sinus node electrograms were recorded in all 16 patients during sinus rhythm. These sinus node electrograms usually showed two negatively directed deflections of low frequency and amplitude occurring after the deflections of the T and U waves but before the P wave on the surface electrocardiogram and intra-atrial recordings. The negative deflections that correspond to the diastolic and upstroke slopes of the sinus node were displayed so that they gave positive deflections. SNRT (direct and indirect) and sinoatrial conduction time for the first postpacing beat were assessed only for pacing cycle lengths wherein the upstroke slope of the sinus node on the sinus node electrogram was clearly evident. Reproducibility was tested by repeating the pacing protocol for any given pacing cycle length two or more times.
SNRT and sinoatrial conduction time. During sinus rhythm, before pacing, the sinoatrial conduction time was normal (80 msec), but after overdrive pacing at a cycle length of 400 msec, the SNRTi was 1100 msec and the SNRTd 870 msec. The difference was related to prolongation of sinoatrial conduction time to 230 msec for the first postpacing sinus beat. SACT = sinoatrial conduction time; SVT -supraventricular tachycardia; sust = sustained; VPBs = ventricular premature beats; a fib = atrial fibrillation; SB = sinus beat; PCL =pacing cycle length; PPB = postpacing beat; + = acceleration; -= depression; 0 = no change.
prolonged (160 msec) for the sinus beats before pacing. After overdrive pacing at a cycle length of 900 msec, the sinoatrial conduction time for the first postpacing beat was 620 msec and it shortened to 200 msec for the second postpacing beat. The SNRTi was 1460 msec, whereas the direct SNRT was 840 msec. In one patient with SSS, after overdrive pacing at a cycle length of 800 msec a secondary pause was noted (figure 4). This pause was the result either of marked prolongation of sinoatrial conduction time or complete sinoatrial block that was followed by an atrial escape. Sinoatrial conduction time was prolonged for the second and third postpacing beats, but normalized for the fourth postpacing sinus beat.
In six patients in whom pacing was performed for 8 beats and for 1 min at similar cycle lengths, it was possible to compare sinoatrial conduction time for the first postpacing beat for the two pacing periods. These studies showed that sinoatrial conduction time was longer with pacing for 1 min than with that for 8 beats (figure 5). Pacing for 8 beats at a cycle length of 400 msec resulted in a sinoatrial conduction time for the first postpacing beat of 240 msec, which normalized within the third postpacing beat (figure 5, A). Pacing for 1 min at a cycle length of 400 msec resulted in a sinoatrial conduction time of 410 msec, which normalized by the fourth postpacing beat. Note that both SNRTi and SNRTd were longer with pacing for 1 min than with that for 8 beats. Effect of pacing cycle length on SNRT and sinoatrial conduction time. The effect of pacing cycle length on SNRTd, SNRTi, and sinoatrial conduction time for the first postpacing beat is shown in figures 6 and 7. Figure  6 is an example from a patient without SSS in whom sinoatrial conduction time for the sinus beats before pacing was 80 msec. After overdrive pacing, there was a progressive increase in sinoatrial conduction time as the cycle length was decreased, with the longest conduction time observed after pacing at a cycle length of 300 msec. The longest SNRTi was also noted after pacing at a cycle length of 300 msec. In contrast, SNRTd progressively decreased as the cycle length was decreased up to a pacing cycle length of 500 msec. There was a minimal increase in SNRTd (+ 20 msec) at pacing cycle lengths of 400 and 300 msec when compared with the pacing cycle length of 500 msec. Note that in contrast to SNRTi, the longest SNRTd occurred after pacing at a cycle length of 700 msec. A somewhat different response to a change in pacing cycle length in a patient with SSS is shown in figure 7 . The sinoatrial conduction time for sinus beats before pacing was 120 msec, but at 800 msec conduction time for the first postpacing sinus beat increased to 160 msec. At pacing cycle lengths of 500 and 400 msec, sinoatrial conduction time for the first postpacing sinus beat decreased (140 and 130 msec, respectively) as compared with that at the pacing cycle length of 700 msec; however, the conduction time for the first postpacing sinus beat was still longer than that for sinus beats before pacing. This small decrease in sinoatrial conduction time may be the result of varying degrees of retrograde sinoatrial block23 24 at pacing cycle lengths of 500 and 400 msec. The longest sinoatrial conduction time for the first postpacing beat occurred after pacing at a cycle length of 340 msec rather than at longer pacing cycle lengths. Both SNRTd and SNRTi decreased as the pacing cycle length was decreased,
without SSS in whom the basic cycle length was 800 msec before pacing. Sinus node depression (+ 100 msec) was observed after pacing at a cycle length of 700 msec, whereas sinus node acceleration (-20 to -40 msec) was seen after pacing at 500, 400, and 300 msec. Figure 7 is a tracing from a patient with SSS in whom the basic cycle length was 1000 msec. Sinus node depression ( + 80 to + 680 msec) was observed after pacing at cycle lengths of 700, 400, and 300 msec, whereas there was no change in sinus node automaticity after pacing at a cycle length of 500 msec. 30 Conventionally SNRT is measured from the last paced beat to the atrial electrogram in the region of the high right atrium. SNRT thus obtained was taken as a measure of sinus node automaticity. This hypothesis is based on the following assumptions: (1) The intra-atrial electrogram in the region of the high right atrium reflects sinus nodal events. (2) Sinoatrial conduction time for the first postpacing beat is not significantly altered by atrial overdrive pacing of the high atrium. The ability to record sinus node electrograms in the intact human heart by a previously described technique2' enabled us to assess direct sinus node and atrial events after overdrive atrial pacing.
The elfects of overdrive atrial pacing on sinus node automaticity and conduction. The findings of this study suggest the following: (1) SNRTi reflects both sinus node automaticity and sinoatrial conduction. (2) SNRTd reflects sinus node automaticity. (3) SNRTi is significantly longer than SNRTd and the difference is accounted for by a significant prolongation of sinoatrial conduction time for the first postpacing sinus beat. (4) Overdrive atrial pacing results in significant prolongation of sinoatrial conduction time when compared with sinoatrial conduction time for sinus beats before pacing. Prolongation of sinoatrial conduction time was usually but not always dependent on pacing cycle length -the shorter the pacing cycle length the longer the sinoatrial conduction time. (5) Overdrive atrial pacing can result in sinus node depression or acceleration or no appreciable change in sinus node automaticity when assessed on the sinus node electrogram, whereas in all 16 patients it resulted in sinus node depression when assessed on the intra-atrial electrogram. The findings in this study of a significant prolongation of sinoatrial conduction time after atrial pacing has not been previously reported in man. Stimulation-induced discharge of acetylcholine and an excess of extracellular potassium might explain this observation. 3 We have previously demonstrated that vagal massage can result in slowing of sinus rate and marked lengthening of sinoatrial conduction time in man.2' It is unclear from this study whether the postpacing prolongation of conduction time or the occurrence of sinoatrial block in the intact human heart occurs in the sinus nodal cells or in the perinodal zone. Clarification of this issue will have to await detailed microelectrode studies of the animal sinus node and atrial tissue. However, microelectrode studies of the sinus node of the cat after overdrive stimulation by Lu et al.7 have revealed that there is (1) local response of subnormal frequency, (2) action potential originating in the original pacemaker cell that fails to propagate to its subsidiary cells, (3) augmentation of block after rapid driving, and (4) which the longest SNRT is reached varies from subject to subject. The results of this study reveal that at the pacing cycle length that resulted in the longest recovery times, assessmlent of recovery time on the sinus node electrogram (i.e., SNRTd) showed sinus node depression in 56% of patients, sinus node acceleration in 25%, and no appreciable change in sinus node automaticity in 19%. Langel demonstrated that a drive of somewhat less than 15% above the extrinsic rate generally provoked a compensatory acceleration of the sinoatrial pacemaker that resulted in a temporary resetting of pacemaker discharge at a temporarily higher level. Herbell et al.33 recently demonstrated acceleration of the sinus pacemaker after slow-rate pacing at intervals slightly shorter than the spontaneous sinus cycle. They demonstrated that slow-rate atrial pacing failed to capture the pacemaker center but shortened action potential duration because of electrotonic interaction between the atrium and the sinus node. Acceleration of sinus automaticity in the intact human heart after overdrive suppression may be related to enhanced sympathetic tone, shifts in pacemaker sites, or, as suggested by Herbell et al.,33 to electrotonic interaction between atrium and sinus node that results in a shortened action potential. Whereas the former two explanations may be true at rapid heart rates, the latter may be true at slow heart rates.
CIRCULATION
Postpacing change in pacemaker site. In this study postpacing changes in pacemaker site were demonstrated in five patients after atrial pacing at one or more cycle lengths. Postpacing change in pacemaker site was demonstrated by the observation of a loss of primary negativity and a change in P wave morphology. The shift in pacemaker site returned to its original site within 4 msec, and recorded sinus node electrograms during postpacing atrial pauses. They noted that the pauses in these patients were the result of high-degree sinoatrial block. Of interest was their observation that these sinus node electrograms exhibiting sinoatrial block had cycle lengths similar to the basic cycle length, thus challenging the view that postpacing pauses are due to overdrive suppression of the sinus node. However, the possibility exists that in these patients there was no penetration of the sinus pacemaker as a result of retrograde sinoatrial block during pacing.41 Basal sinoatrial conduction time during sinus rhythm on the sinus node electrogram was not assessed in these patients. In addition, these investigators did not study the effect of overdrive pacing at different cycle lengths in normal subjects and patients with SSS in whom the corrected SNRT was less than 1500 msec. Furthermore, they did not establish that the presumed sinus activity during the long pauses actually drove the atrium during sinus rhythm or after overdrive pacing when sinoatrial conduction resumed. In this systematic study we entertained the possibility of sinoatrial block in only one of our patients who demonstrated a secondary pause; however, it should be noted that none of our patients had a corrected SNRTi of greater than 1500 msec. Nonetheless, as shown in this study and as inferred from the results of Asseman et al., prolongation of SNRTi in patients with SSS seems to result from a marked lengthening of sinoatrial conduction time after overdrive pacing and/or sinoatrial block.
